Introduction
It is well accepted that the human brain represents the most complex and difficult organ to explore and the difficulties are even greater in the fetal and neonatal life. Despite this difficulty, it is important that children at risk of neurological impairment should be examined as early as possible (newborns and infants), for the assessment of their neurological development and early detection of central nervous system disorders [1] .
Understanding the structure and function of the fetal nervous system has been both a desire and challenge for physicians over many centuries [2] . While brain structure studies started many years ago by post-abortion fetus examination, the study of fetal brain function remained for a long time a mystery for physicians. The latest development in the field of ultrasound (US) has made possible the study of fetal brain function early in fetal life. From the beginning, three-dimensional and four-dimensional (4D) ultrasonography (US) proved to be valuable tools for the diagnosis of several malformations of the fetus starting with the first trimester of pregnancy [3, 4] . Further development of these technologies has permitted not only the study of the anatomy but also of the behaviour of the fetus. 4D US has the great advantage over 2D US because it enables simultaneous spatial imaging of the entire fetus and its movements [5, 6] . It also initiated the development of new research directions, such as "fetal neurology", "fetal psychology" and "fetal neurobehaviour". Therefore, knowledge on fetal neurobehavior and neurodevelopment will be advanced through fetal behavioral research using this technique [7] .
Cerebral palsy (CP) represents a group of disorders of movements and postural control caused by a defect or lesion of the brain and it is the most common chronic motor disability in childhood [8] . Identification of children with developmental disorder, such as CP, at early age is a difficult task for physicians [9] . Usually the diagnosis of CP is made six months postnatal when the child is already severely affected. Traditionally, it was accepted that brain damage appears during birth or early neonatal period. Actually this concept has changed and now is considered that antenatal factors are among the most important etiologic factors [10, 11] . According to this theory many cases have the origin in prenatal period, therefore, constant attempts to diagnose neurological impairment in fetal life have been made in the last years [12] .
Several studies on neonatal behavior showed that the assessment of behavior is a better predictor of neurodevelopmental disability than neurological examination [1, 2] . An evolving challenge for the medical profession was and still remains to better define normal and abnormal fetal neurological function in utero, in order to better predict which fetuses are at risk for adverse neurological outcomes antenatal, regardless of intrapartum management [1, 13] . Related to this purpose, fetal behavior is defined by fetal movement felt by the mother or observed by a more objective method, such as US [14] .
The aim of this review is to present the current status of 4D US on fetal movement and fetal facial expressions as important markers for fetal brain development and function.
Fetal movements
Numerous studies have employed conventional twodimensional (2D) US or 4D US for the assessment of fetal behaviour as an indicator of fetal brain function and development [15] [16] [17] [18] . Fetal movements were first assessed only by conventional 2D US on different periods of the pregnancy. While several studies of fetal movements were performed in the first trimester of pregnancy, others were focused on the second and third trimester [19, 20] .
In 2005 Kurjak et al [13] started to analyse and to establish the standards of normal fetal behavioural patterns after 30 minutes of recording the fetus by 4D US. The authors showed that some types of movements are present through all trimesters while others are specific for different periods. For example, startle and stretch are specific for the first trimester, while some hand movement patterns or facial expressions, such as sucking and swallowing, are better observed in the second part of the pregnancy [13] . The main categories of fetal movements are synthetically described in table I.
Other studies have shown that the first trimester of pregnancy is characterized by a high frequency of fetal movement patterns, progressively increasing with gestational age. The only exception is represented by the startle movement, which has the same pattern during early gestation [21] . In the second trimester of pregnancy the incidence of body movements increases considerably alternating with longer periods of quiescence. The most frequent fetal movement involves the arms, whereas the least active is mouth movement. Among facial expressions, two types could be easily differentiated: smiling and scowling [14] . At the end of pregnancy, due to cerebral maturation process, the number of generalized movements decreases and, at the same time, an increase in facial movements (opening/closing of the jaw, swallowing and chewing) appear [14] .
KANET scoring system
Kurjak et al developed the first scoring system for fetal neurobehavior based on prenatal assessment by 3D/4D Table I . Categories of fetal movements according to Kurjak et al [13] . [22] . The KANET scoring system combines parameters from other prenatal tests used previously (such as general movements assessment) and postnatal Amiel-Tison neurological assessment at term (ATNAT) [23] . KANET is a method that has been applied for the past 10 years and studies show that it is a strong diagnostic tool and can be introduced into everyday clinical practice [24] . The KANET test should be performed in the 3 rd trimester from 28 th to 38 th week of gestation for a period of 15-20 minutes. The fetus should be awake and if is sleeping, the exam should be postponed. Ten parameters are evaluated: assessment of cranial sutures, isolated head anteflexion, isolated hand, leg, hand to face and finger movements, isolated eye blinking, facial alterations, and mouth opening. These parameters were selected based on neurological development and on the theory of central pattern generators of general movements emergence [14, 24] . The score has a three-point scale for several fetal movements (isolated head anteflexion, isolated hand, leg, hand to face, and finger movements) and a two-point scale for assessment of cranial sutures, isolated eye blinking, facial alterations and mouth opening. When the obtained score is abnormal or borderline the test should be repeated every two weeks till delivery [25] . KANET was used in several studies to compare fetal behavior and neurodevelopment of the fetus between low and high-risk pregnancies. All of the studies showed a score significantly higher in the low risk group compared to the high-risk group [26] [27] [28] . Antsaklis et al studied the differences between the fetus of a normal pregnant women compared with pregnant women with diabetes under treatment with insulin. The results showed higher scores in the non-diabetic group, suggesting that there are differences in the fetal behaviour between diabetic and non-diabetic fetuses [29] .
Type of movement
KANET score was also used to study the fetal behaviours in twin pregnancies and two types of activities were observed: spontaneous and reactive. Twins showed different behavioural pattern than singletons with less activity and a part of the overall motility was due to inter-twin contacts [30] . The different behavioural pattern of the twins does not translate into brain pathology but maybe into a different reaction to a different environment than singletons.
In cases of fetuses from high-risk pregnancies with KANET score modified or borderline, it is important to continue the follow-up after delivery. Postnatal evaluation should be done with ATNAT test and a brain US in the early neonatal period and every 2 weeks afterward till discharge. If the infants are affected by grade 3 and above intraventricular hemorrhage or if there is a suspicion of hypoxic ischemic brain damage, MRI should be recommended [25] . Children with CP should be reassessed at the age of 6 years.
In order to increase the reproducibility of the score, a standardization of the KANET test was recently proposed [25] . New modified KANET test should be used with eight instead of 10 parameters: facial and mouth movements were combined in one category and isolated hand movements together with hand to face movements were combined in one category [25] .
Facial expressions
In daily life, our face presents a reflection of our reaction to different internal or external stimuli. Fetal response to different stimuli is observed by studying fetal face with 4D US. Facial expressions could represent the evidence of fetal brain development and may mirror the development of fetal consciousness [31] (fig 1) .
The development of 4D US enabled to observe and study several fetal facial expressions such as: blinking, yawning, sucking, mouthing, tongue expulsion, scowling, and smiling from the early second trimester of pregnancy [16] . The fetal face expressions can reflect the fetal brain development and function during different stages of the fetus in utero [31] .
The full range of facial movements can be studied by 4D US starting with 20 weeks of gestation because at this time both the facial and trigeminal nerves and facial muscles are formed [32] . They are easier to be studied after 24 weeks of gestation because of the deposition of adipose tissue starting this period [33] . The main facial expressions that can be observed are:
Fetal mouthing is considered to be the most frequent facial expression observed with 4D US [21, 32, [34] [35] [36] [37] ].
Reissland et al described different patterns in fetal mouthing movements. They are represented by neutral mouth movements with a decreasing frequency with advancing gestation and lateralized mouth movements, which increase in frequency with advancing gestation [38] (fig 2a) .
Blinking represents a reflex response and is an important parameter for fetal brain functional development, easily observed with 4D US [31] . It is regulated by the dopamine system and the increased rate of eye blinking along the pregnancy might be a parameter of the central dopamine system [39] [40] [41] [42] (fig 2b) . During pregnancy the rate increases until term when usually a slight decrease is observed [21, [34] [35] [36] [37] .
Yawning -usually yawning during pregnancy experiences a change in frequency that indicates maturation of the brain [43] (fig 3) . The frequency of yawning decreases after 28 weeks of gestation [44] .
Suckling represents an essential process in the postnatal life. Several authors suggested that a fetus might prepare for feeding after birth in the second half of pregnancy [36] . The movement of fetal suckling is the indirect proof of normal brain development in utero (fig 4a) .
Tongue expulsion outside the mouth requires both intact muscles with their innervations and higher brain centers with normal development in order to be performed. This facial movement could be another indirect sign of normal brain development, but there is a need for further research in order to establish the exact relationship between fetal tongue expulsion and the brain function [31] .
Scowling -this facial expression could represent a sign of pain or stress of the fetus. The frequency of fetal scowling increases with advancing gestation. This observation suggests that fetal scowling is present while the fetal brain matures with advancing pregnancy [45] (fig 4b) .
Smiling. There are different patterns of fetal smiling ranging from a simple facial expression to complex facial movements involving bilateral elevation of the mouth angles, or even to form laughter gestalt [33] . This facial expression is very impressive for the parents and could represent an indicator of fetal brain development [31] (fig 4c) . At the same time it is considered that a fetal smile is spontaneous and does not result from social effects [46] .
Several studies about fetal facial expressions have been published. Reissland et al compared facial expression of fetus from smokers versus non-smokers women. It appears that fetuses of mothers who smoked displayed higher rates of mouthing movements compared with those of nonsmokers [47] . Fetuses suffering from stress display higher frequencies of facial expressions compared with non-stressed fetuses [31] .
Lopes-Teijnn et al evaluated the effects of music on fetus and observed a fetal response to intravaginal music in pregnant women between 14-39 weeks of gestation. The increased frequencies of tongue expulsion with advancing gestation observed in this study could indicate the developing of the auditory system with its neural pathways starting at 16 weeks of gestation [48] .
Ferrari et al showed that fetuses seem to respond to specific maternal stimuli represented by a specific song with increased mouth opening. This response could represent a liaison that can contribute to harmony between mother and child in postnatal life [49] . Also when the pregnant women touched her abdomen the fetus showed mouthing movements according [50] . It was observed that fetuses in the third trimester showed an increased regulatory (yawning) response to the stimuli when compared with those in the second trimester [50] .
Nakamura et al observed that fetuses in primiparas showed a higher rate of eye blinking than those in multiparas. Because, according to these authors primiparas had a higher state of relaxation than multiparas this study of facial expressions suggests that that relaxation might promote fetal brain maturation, especially the central dopamine system, which regulates blinking [51] .
The observation of facial expressions is important not only for studying fetal neurobehaviour but also for fetal-maternal bonding. Evidence suggests that enhancing fetal-maternal bonding contributes to positive health behavior [52] . It was hypothesized that 3D US, by making possible to better visualize the baby, may have the potential benefit of increasing the bonding of mothers to their expected newborns and strengthening the support system for their families [53] .
Conclusions
Human brain being the most complex structure of the human body represents a challenge for understanding and diagnosing its impairments from the early stages of life. The introduction of 4D US allowed the study of fetal movements and facial expressions in real time. 4D represents an important tool in the evaluation of both fetal brain development and function. The study of fetal activity in utero could differentiate between normal and abnormal behavioural patterns, and thus make possible the early recognition of fetal brain impairment. The fetal neurobehaviour evaluation by KANET score appears to be a feasible technique in monitoring fetuses of high-risk pregnancies.
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